Background-Heat shock protein (HSP) 27 is related to the pathogenesis of AF. However, the clinical relationship between HSP27 and AF is unclear. The present study was conducted to determine the clinical relationship between HSP27 and atrial fibrillation (AF). Methods and Results-A case-control study was conducted (AF, nϭ114; control, nϭ100). Serum HSP27 (HSP27S) levels were measured by ELISA, and its correlations with electrophysiological characteristics and catheter ablation outcomes were investigated. The patients with AF had a larger left atrial diameter (LAD), waist circumference, and body mass index, and a lower baseline HSP27S level, than controls. After logistic multivariate analysis, low baseline HSP27S was independently associated with AF. In patients with AF, those with paroxysmal AF (PAF) had higher baseline HSP27S levels compared with those without PAF. In patients with PAF, lower baseline HSP27S was associated with larger LAD, whereas baseline HSP27S was not correlated with LAD in controls. In PAF, low baseline HSP27S (Յ3.85 ng/mL) was associated with low atrial voltage and nonpulmonary vein ectopies. In non-PAF, the mean fractionated interval had a good correlation with baseline HSP27S. After catheter ablation, a high baseline HSP27S level could predict sinus rhythm maintenance in the patients with PAF. Baseline HSP27S was also correlated with interleukin 10 and tumor necrosis factor-␣ levels. Analysis of buffy coat mRNA levels showed the same correlations. Conclusions-The HSP27S levels were correlated with LAD, left atrial voltage, and fractionated intervals, and predicted AF recurrence after catheter ablation. The mechanisms could be related to inflammation. (Circ Arrhythm Electrophysiol. 2012;5:334-340.) The online-only Data Supplement is available at http://circep.ahajournals.org/lookup/suppl/
H eat shock proteins (HSPs) are a family of proteins that protect against different forms of cellular stress, including those contributing to the formation of atrial fibrillation (AF), and are associated with a decreased risk of postoperative AF. [1] [2] [3] [4] Recent studies indicated that HSP27, one of the HSP proteins, may play a particularly important role in AF pathogenesis. Atrial HSP27 levels are inversely correlated with paroxysmal and persistent AF duration and myolysis extent in humans. 5 In experimental AF, atrial HSP27 protected against tachypacing-induced myolysis; binding of phosphorylated atrial HSP27 to contractile proteins may shield the proteins from tachypacing-induced cleavage by cysteine proteases. 5 Induction of atrial HSP27 also prevented L-type calcium current and action potential duration reduction in tachypaced canine atrial cardiomyocytes. In addition, increasing atrial HSP suppressed the changes promoted by tachypacing-induced AF, including AF duration by burst pacing and AF vulnerability. 6 Although atrial HSP27 may prevent AF occurrence and progression, the clinical correlation between serum HSP27 (HSP27S) and AF remains poorly understood. Moreover, the relationship of HSP27S with clinical electroanatomical characteristics remained unclear.
Clinical Perspective on p 340
On the other hand, HSPs are important mediators of the inflammatory process, 7 which plays a key role in AF pathogenesis. 8 The HSP27 interferes with the tumor necrosis factor (TNF)-␣ signaling pathway, a proinflammatory pathway, by protecting against oxidative stress and modulating transforming growth factor-␤-activated kinase-1 activity. 9, 10 The HSP27 also increases interleukin (IL) 10, an antiinflammatory cytokine, by activating p38 signaling. 11 Bal-ance between anti-inflammatory and inflammatory cytokines, such as IL-10 and TNF-␣, has also been associated with AF. 12, 13 The information suggested that HSP27 may modulate inflammatory pathways and, therefore, prevent AF-related remodeling.
To clarify these issues, the present study had the following aims: (1) compare HSP27S levels in AF and control patients;
(2) investigate the correlations among HSP27S, clinical/electrophysiological characteristics, and catheter ablation outcomes; and (3) investigate the role of HSP27S-associated inflammatory pathways in AF development.
Methods

Participants
This prospective study involved 214 consecutive patients (114 patients with AF who were referred for catheter ablation and 100 controls from the cardiology clinic who were free of AF by at least 2 ECG reports and without AF-related symptoms). Patients with hematologic, renal, or hepatic impairment, inflammation, neoplastic disorders, recent (Ͻ3 months) myocardial infarction or stroke, acute AF precipitated by thyrotoxicosis, or any acute infection were excluded. Ethical approval was granted by the Institutional Review Board of the Veterans General Hospital, Taipei, Taiwan. All subjects provided written informed consent.
Blood Sampling
Before catheter ablation, fresh peripheral blood samples were collected for ELISA in patients with AF. In control patients, fresh peripheral blood samples were collected in the calm fasting state before any procedure. In 16 patients, blood samples drawn from the left atrium were collected after the transseptal procedure and before catheter ablation. Total serum HSP27 and HSP70 levels were determined by ELISA (Stressgen), as were TNF-␣ and IL-10 levels (Bender Medsystems). High-sensitivity C-reactive protein was determined using particle-enhanced immunoturbidimetry with latex microparticles sensitized with duck anti-CRP immunoglobulin Y (Good Biotech Corp; Taichung, Taiwan).
Real-Time Polymerase Chain Reaction
Before catheter ablation, fresh anticoagulated peripheral blood samples were collected. Total mRNA was prepared with a DNA-free RNA Blood Mini-Kit (Invitrogen) from the buffy coat. The mRNA concentration was estimated by absorbance at 260 nm. Reverse transcription was performed with the First Strand cDNA Synthesis Kit (Ambion; Austin, TX) using equal amounts of total RNA. The real-time polymerase chain reaction was performed using iQ SYBR Green Supermix and an iCycler iQ thermal cycler (Bio-Rad) following the manufacturer's protocols. Gene expression levels were normalized relative to ␣-actin references. At least 2 independent experiments were conducted. The oligonucleotide primers were as follows: ␤-actin (sense, 5Ј-TCCTGTGGCATCCACGAAACT-3Ј; antisense, 5Ј-GAAGCATTTGCGGTGGACGAT-3Ј), TNF-␣ (sense, 5Ј-TCTTCTCGAACCCCGAGTGA-3Ј; antisense, 5Ј-GGAGCTG-CCCCTCAGCTT-3Ј), IL-10 (sense, 5Ј-CCAGACATCAAGGCGCA-3Ј; antisense, 5Ј-CCTAGAGTCTATAGAGTCGCCACCC-3Ј), and HSP27 (sense, 5Ј-TGTCCCTGGATGTCAACCACTT-3Ј; antisense, 5Ј-CAGTCTCATCGGATTTTGCAGC-3Ј). Relative mRNA expression changes were assessed by comparative analysis of quantitative real-time polymerase chain reaction using the ⌬C T method. The C T is the fractional cycle number at which the fluorescence signal of normalized samples passes a fixed threshold higher than baseline. The ⌬C T values of the sample were determined by subtracting the average C T value of the test gene from the average C T value of the ␤-actin gene.
Catheter Ablation of AF
The electrophysiological study, the contact electroanatomical mapping, signal analysis, identification of pulmonary vein and nonpul-monary vein ectopic beats, catheter ablation of AF, and the follow-up of recurrences were performed as described previously. 14 -17 Those techniques have been described as detailed in the online-only Data Supplement.
According to the 2006 American College of Cardiology/American Heart Association guideline, recurrent AF is defined as paroxysmal if the arrhythmia terminates spontaneously. 18 When sustained beyond 7 days, AF is defined as persistent. The category of persistent AF also includes cases of long-standing AF (eg, Ͼ1 year), usually leading to permanent AF, in which cardioversion has failed or has not been attempted. In the present study, persistent and permanent AF were classified as nonparoxysmal AF. The duration of AF history in those with nonparoxysmal AF was 66.1Ϯ46.5 months.
Follow-Up of AF Recurrences
After discharge, the patients underwent follow-up (2 weeks after the catheter ablation and then every 1-3 months thereafter, with a follow-up of 1 year) at our cardiology clinic or with the referring physicians, during which either 24-hour Holter monitoring or cardiac event recording with a recording duration of 1 week was performed; antiarrhythmic drugs were prescribed for 8 weeks to prevent any early recurrence of AF. An AF recurrence was defined as an episode lasting Ͼ1 minute, and was confirmed by ECGs 3 months after the ablation (blanking period). The end point for the follow-up was the clinically documented recurrence of atrial arrhythmias or repeat ablation procedures.
Definition of Subgroups
A receiver operating characteristic curve was used to find the optimal cut point of HSP27S for classifying the recurrence after catheter ablation. At the cut point of 3.85 ng/mL, identified by the receiver operating characteristic curve (sensitivity, 0.5; specificity, 0.75; area under the curve, 0.64; 95% CI, 0.52-0.76; PϽ0.03; online-only Data Supplement Figure I) , the patients were classified as having either a low HSP27S level (Յ3.85 ng/mL) or a high HSP27S level (Ͼ3.85 ng/mL).
Statistical Analysis
The 2-sample t test and the Wilcoxon rank-sum test were used as appropriate. Categorical data were compared using a 2 test with Yates correction or the Fisher exact test. Binary logistic regression was used for the comparison of AF with control. Freedom from AF (including recurrences or repeat procedures) was determined and compared using a Kaplan-Meier analysis and log-rank test. A Cox regression analysis was used to identify the independent factors associated with AF recurrences. The correlations were analyzed by different models of regression, and the best-fit model with the highest r 2 value was chosen and presented. Statistical significance was established at PϽ0.05. PSAW SPSS 18.0 was used for statistical analysis. In the patients with AF, the HSP27S levels of the left atrial blood were similar to those of peripheral venous blood (3.58Ϯ0.65 versus 3.53Ϯ0.75 ng/mL; nϭ16; Pϭ0.95). There were 83 patients with paroxysmal AF and 31 patients with nonparoxysmal AF. However, HSP27S levels were lower in those with nonparoxysmal AF than in those with paroxysmal AF (4.70Ϯ0.35 ng/mL [nϭ31] versus 6.13Ϯ0.45 ng/mL [nϭ83]; Pϭ0.02; Figure 1 ).
Results
Correlation Between HSP27S and AF
Figure 1.
Comparison of HSP27S in paroxysmal, nonparoxysmal AF, and control patients. The HSP27S levels were significantly different among three groups (7.17Ϯ0.52 ng/mL, 6.13Ϯ0.45 ng/mL, and 4.70Ϯ0.35 ng/mL; Pϭ0.02).
Figure 2.
A, In patients with paroxysmal atrial fibrillation (AF), left atrial diameter (LAD) Ն4 cm was associated with lower heat shock protein 27 (HSP27S) levels (4.77Ϯ0.43 ng/mL; nϭ28 vs. 6.25Ϯ0.54 ng/mL; nϭ52; Pϭ0.03, compared with LAD Ͻ4 cm). B, In nonparoxysmal AF patients (nϭ31), only 5 patients had LAD (Ͻ4 cm), which was not representative. Therefore, the statistics were not performed.
HSP27S and Left Atrial Size
In the control patients, HSP27S levels did not correlate with high LAD. However, in the patients with paroxysmal AF, LAD Ն4 cm was associated with lower HSP27S levels (4.77Ϯ0.43 ng/mL [nϭ28] versus 6.25Ϯ0.54 ng/mL [nϭ52]; Pϭ0.03, Figure 2 ), compared with LAD Ͻ4 cm. In patients with nonparoxysmal AF (nϭ31), only 5 patients had LAD (Ͻ4 cm), which was not representative. Therefore, the statistics were not performed. The HSP70, TNF-␣, and IL-10 levels were not associated with different LAD.
HSP27S and AF-Related Electrophysiological Characteristics
There were 63 patients with paroxysmal AF with left atrial voltage recordings. Low HSP27S (Ͻ3.85 ng/mL) was associated with low atrial voltage (1.78Ϯ0.16 mV [nϭ19] versus 2.19Ϯ0.08 mV [nϭ44]; Pϭ0.01; Figure 3A ). Among the patients with paroxysmal AF receiving catheter ablation, low HSP27S was associated with more nonpulmonary vein ectopies, including those from the ligament of Marshall, left atrial free wall or septum, and coronary sinus (16.7% [nϭ24] versus 0% [nϭ54]; Pϭ0.01). Frequency analysis recordings were available for 17 patients with nonparoxysmal AF. The mean fractionated interval correlated well with the HSP27S level (rϭ0.72, PϽ0.001, Figure 3B ). The HSP70, TNF-␣, and IL-10 levels had no correlation with left atrial voltage, the incidence of nonpulmonary vein ectopies, and mean fractionated interval.
HSP27S and Catheter Ablation Outcome
A total of 105 patients with AF (paroxysmal and nonparoxysmal) were included for the Kaplan-Meier and Cox regression analysis (mean follow-up, 301.6 days). There were 30 patients who had AF recurrence after catheter ablation. At a cut point of 3.85 ng/mL, Kaplan-Meier analysis showed that the maintenance rate of sinus rhythm within 1 year after catheter ablation was lower in patients with HSP27S levels Յ3.85 ng/mL, compared with those with levels Ͼ3.85 ng/mL (55.9% [nϭ34] versus 78.9% [nϭ71]; Pϭ0.015; Figure 4 ). Seven patients who did not receive catheter ablation because of severe coronary stenosis or atrial thrombus and 2 patients lost to follow-up within 3 months after the ablation were not included in the analysis; however, 7 patients lost to follow-up 3 months after catheter ablation were included. The analysis was further performed for the patients with paroxysmal AF (nϭ78) and nonparoxysmal AF (nϭ27). In the patients with paroxysmal AF, a high HSP27S level (Ͼ3.85 ng/mL, nϭ54) was the only factor that was independently associated with sinus rhythm maintenance after catheter ablation (hazard ratio, 3.07; 95% CI, 1.06 -8.85; Pϭ0.039), adjusted for age, sex, waist circumference, and LAD (Figure 4 ).
HSP27S-Related Inflammatory Mechanisms
The possible inflammatory mechanisms of HSP27 in the patients with AF were further studied. Circulating TNF-␣, IL-10, and high-sensitivity CRP protein levels were deter-mined, and mRNA samples of white blood cells were analyzed (nϭ54). There was no relationship between highsensitivity CRP and HSP27S levels (rϽ0.01, Pϭ0.94). The HSP27S protein level was correlated with IL-10 ( Figure 5 , rϭ0.57, PϽ0.01) and TNF-␣ protein (rϭ-0.63, PϽ0.01) levels. HSP27 mRNA levels were correlated with IL-10 (rϭ0.55, PϽ0.01) and TNF-␣ mRNA (rϭ0.71, PϽ0.01) levels.
The correlation between different types of leukocytes, HSP27S, HSP70, TNF-␣, and IL-10 level showed that only the HSP27S level was associated with lymphocyte ratio (rϭ0.19, Pϭ0.04 by Pearson correlation). No correlation was found between leukocyte types and other cytokines ( Table 2) .
Discussion
Major Findings
This study comprehensively examined the role of HSP27S in human AF, and the results showed that the HSP27S level is low in AF. In addition, HSP27S levels predicted the catheter ablation outcomes. Regarding the underlying mechanisms, the findings that HSP27S levels were associated with LAD, left atrial voltage, and fractionated interval imply that HSP27S contributes to the pathogenesis of AF through structural and electric remodeling. 
HSP27S-Related Inflammatory Pathways
Atrial HSP27-related myolysis and electrophysiological changes were reported in the previous study. 5, 6 The present study further found a link between HSP27S and inflammation-related pathways, which has never been previously reported in AF. Inflammation is important in AF pathogenesis, 8 and HSP27 is considered anti-inflammatory, 7 regulating TNF-␣ and IL-10, which are associated with AF. 12, 13 The IL-10 single-nucleotide polymorphism (A allele), associated with low IL-10 levels, is at risk for AF. 12 The TNF-␣ levels in patients with AF are higher than in those without AF. 13 The interactions between HSP27, TNF-␣, and IL-10 are associated with mitogen-activated protein kinaseassociated pathways, which are activated by cytokines, and critical in the production of cytokines. The HSP27 increases IL-10 by activating p38 mitogen-activated protein kinase signaling, through which TNF-␣ also regulates HSP27. 11, 19 Other than through mitogen-activated protein kinase-associated pathways, TNF-␣ also decreases HSP27 through protein kinase C activation. 20 Beyond interactively regulating the cellular levels, HSP27 protects against TNF-␣-induced oxidative stress and apoptosis. It also interferes with TNF-␣ down-streaming signals by modulating transforming growth factor-␤-activated kinase-1 activity, which is not reported in IL-10 -associated signals. 9, 10 The present study demonstrated a good correlation between HSP27S, IL-10, and TNF-␣ at each of the transcriptional and translational levels. However, HSP27S levels were not correlated with high-sensitivity CRP, suggesting that the interactive regulation between HSP27S, inflammation, and atrial remodeling was through specific inflammatory cytokines, not general inflammatory pathways, as indicated by high-sensitivity CRP level.
HSP27S and Catheter Ablation Outcome
Although several studies suggested the potential role of atrial HSP27 in AF, it has never been reported that HSP27S was correlated to catheter ablation outcome. 4, 5 The present study demonstrated that the HSP27S levels could predict 1-year AF-free survival, demonstrating HSP27's importance in the secondary prevention of AF after catheter ablation. Many inflammatory cytokines were associated with AF, but few demonstrated a link to electroanatomical properties and affected clinical outcome. 21 Endothelin-1 has been linked with atrial dilatation and fibrosis, and plasma endothelin-1 has been associated with the failure of pulmonary vein isolation. 22, 23 The HSP27's potential role in electroanatomical remodeling might explain why HSP27S levels could predict long-term catheter ablation outcome.
Study Limitations
The present study only studied serum HSP27 levels. The expression level in atrial tissue was not studied. Further mechanistic studies are needed to investigate how HSP regulates inflammation and atrial structure. An association between low HSP27S level and AF-related structural and electric remodeling was shown, but a causative role could not be determined by the present study. Because sinus rhythm was resumed only after pulmonary vein isolation and ablation of complex fractionated atrial electrograms in the patients with nonparoxysmal AF, the atrial voltage might not reflect the baseline voltage before catheter ablation. Therefore, voltage mapping was not regularly detected in those with nonparoxysmal AF.
Conclusions
The HSP27S levels were correlated with LAD, left atrial voltage, and fractionated intervals, and predicted AF recurrence after catheter ablation, which might be considered as a prognostic factor of AF progression or outcome after catheter ablation. The mechanisms could be related to inflammation.
